Background--Although a myocardial bridge (MB) is often regarded as a benign coronary variant, recent studies have associated MB with focal myocardial ischemia. The physiological consequences of MB on ventricular function during stress have not been well established.
A myocardial bridge (MB) is a common coronary variant that occurs when one of the coronary arteries tunnels through the myocardium rather than resting on the epicardium. The prevalence of MB varies depending on the cohort studied, but invasive studies with intravascular ultrasound (IVUS) and computed tomographic angiography suggest a prevalence of %25%.
1,2 Although often regarded as benign, MBs have been associated with ischemia, 3 acute coronary syndrome involving the proximal left anterior descending artery, 4 coronary spasm, 5 arrhythmia including both supraventricular and ventricular tachycardia, 6 potentially early death after cardiac transplantation, 7 and sudden cardiac death. 8 Identifying an MB among patients with chest pain syndrome is challenging. The current gold standard for detecting an MB is IVUS, with much greater sensitivity than coronary angiogram by both systolic compression 3 and a characteristic echolucent "half-moon sign" within the MB. 9 More recently, computed tomographic angiography has been shown to be valuable in diagnosing the presence of an MB. 10 Functionally, Escaned et al highlighted the importance of diastolic fractional flow reserve (dFFR) during dobutamine challenge, as opposed to adenosine challenge and measurement of a mean fractional flow reserve, to assess the hemodynamic severity of an MB. 11 In addition, abnormal septal motion and myocardial strain have been increasingly associated with the presence of an MB. Our group previously described a distinctive septal wall motion abnormality with apical sparing in patients with an MB. 12 Jhi et al reported that reduced left ventricular (LV) strain has been identified during dobutamine challenge in patients with an MB, 13 and Wang et al reported a decrease in resting strain in the MB perfusion territory. 14 For this study, we hypothesized that patients with an MB would have a reduced septal longitudinal strain (LS) and comparable lateral LS during exercise compared with age-and sex-matched controls. We further hypothesized that the degree of impairment would be associated with the hemodynamic severity of the MB based on dFFR.
Methods
We identified 65 patients with an MB in the left anterior descending artery, diagnosed by IVUS, who had undergone an evaluation of dFFR during dobutamine challenge and an exercise echocardiogram at our institution. Seven patients were excluded because they had previous cardiac surgery or a significant coronary artery stenosis (>50%) by coronary angiography. The patients had been referred for invasive testing for refractory unexplained exertional chest pain with noninvasive imaging suggestive of an MB (septal wall buckling with apical sparing on stress echocardiography). 12 The patients with an MB were compared with 50 age-and sex matched controls who were also matched for work load and peak blood pressure during exercise. Controls had undergone stress echocardiography and had no history or echocardiographic findings of MB, coronary artery disease, valvular heart disease, LV dysfunction, or LV hypertrophy. All study participants reached target heart rate (85% of maximum predicted heart rate) during exercise. This study was approved by Stanford University's institutional review board, and informed written consent was obtained from all patients. Coronary angiography was performed before and after 200 lg of intracoronary nitroglycerin. IVUS image acquisition was performed with a 40-MHz mechanical transducer ultrasound catheter (Atlantis SR Pro2 or OptiCross; Boston Scientific, Marlborough, Massachusetts) in the left anterior descending artery with placement of the IVUS sensor as far distally as safely possible. The presence of an MB was defined by the identification of an echolucent half-moon sign on IVUS. The sign was identified during live recording. MB length was measured by the distance from the first proximal appearance of the echolucent half-moon sign to its distal end. ComboWire recordings were stored on the ComboMap console (Volcano, San Diego, California) for offline analysis. All patients then underwent hemodynamic testing of the MB using the invasive dobutamine challenge protocol described below. Hemodynamic measurements were made using the ComboWire XT Pressure and Flow Wire (Volcano). Pressure and flow velocity waveforms were recorded proximal to, within, and at least 1 cm distal to the MB, identified by IVUS, at baseline and peak dobutamine stress. Dobutamine was given intravenously in increments of 10 to 20 lg kg À1 min À1 every 3 minutes (a maximal dose of 50 lg kg À1 min À1 with up to 1.0 mg atropine) until the maximum predicted heart rate on previous exercise echocardiography was achieved. Using a digital electronic caliper, instantaneous dFFR (the fraction of diastolic coronary artery pressure divided by diastolic aortic pressure) at rest and with stress was calculated proximal to, within, and distal to the MB, as described previously 12 ( Figure 1) . A dFFR ≤0.76 was considered to be hemodynamically significant in this study, as in the previous study by Escaned et al.
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All echocardiographic studies were performed using commercially available echo systems (Sonos 7500, iE33, and EPIQ 7C; Philips Medical Imaging, Eindhoven, the Netherlands). Standard echocardiographic views, including parasternal longand short-axis and apical 2-, 3-, and 4-chamber views, were obtained in 2-dimensional and color tissue Doppler modes. LV ejection fraction was derived from the modified Simpson method according to the American Society of Echocardiography (ASE) guidelines. 15 Exercise echocardiography was performed according to the ASE recommendations. 16 An average of 5 to 10 beats per loop was recorded at rest and immediately after stress. All participants performed the Bruce treadmill protocol test 17 with a target heart rate of 85% of maximum predicted for age. LV LS was assessed from the 4-chamber view both at rest and with exercise, and the absolute change in strain (exercise LS minus rest LS) and the relative change in strain (exercise LS minus rest LS divided by rest LS) were evaluated. Strain values were obtained by manual tracing on an offline Xcelera workstation (Philips Medical Imaging), for which the frame rate was 50 to 52 Hz to ensure the best measurement quality; postprocessing analysis of peak exercise does not always yield optimal tracking. Initial length was obtained in enddiastole (peak of QRS), and final length was obtained in endsystole (the smallest LV volume). To assess more detailed LV strain, septal and lateral LS and global LS (GLS) were assessed, as shown in Figure 2 . For quality control, the same mitral annular reference points were used; in addition, the apical reference point was determined to be the furthest point of the left ventricle from the mitral annulus, and it was kept stable to avoid overestimating strain measures due to foreshortening. Foreshortening was defined as being when the endocardial border of the apex was significantly displaced in systole. In fact, magnetic resonance-based studies have shown that the endocardial border of the apex usually displaces about 1.5 mm in systole. 18 One representative beat with minimal respiratory or translational motion was chosen to trace in both end-diastole and end-systole. All strain values were calculated by the following formula in which L 0 indicates initial length and L 1 indicates final length: 19 Prior to performing the manual tracing, we compared strain values derived from manual tracing and the software analysis (TOMTEC Imaging System, Unterschleissheim, Germany) in 50 healthy persons and found a relative difference 4.8AE4.3%. A more negative value represents better function. For the presentation of strain values in this study, the directional change is presented as an absolute value for better understanding.
Variables are presented as count and percentage or mean and standard deviation (SD) for normally distributed variables. Variables were compared with (Student or Welch) t test or Mann-Whitney U test, as appropriate. Multivariate regression analysis was performed to identify the independent correlates of absolute and relative changes in strain. We used a regression model that included age, sex, MB length, systolic blood pressure, peak heart rate, and dFFR either within or distal to the MB. Comparisons of strain values between baseline and stress were analyzed by paired t test. For inter-and intraobserver variability, 15 patients with an MB and 15 controls were randomly selected and septal LS, lateral LS, and GLS were blindly reanalyzed 2 to 4 weeks after the first analysis without references to the initial tracings, and the absolute difference was assessed. A P<0.05 was considered significant. All analyses were performed using SPSS 21 software (IBM Corp, Armonk, NY). curve shows the aortic pressure, and the yellow curve shows the coronary pressure within the MB. Both pressures are similar at baseline; however, coronary systolic pressure increases with stress, whereas diastolic pressure decreases compared with aortic pressure. Diastolic fractional flow reserve equals diastolic coronary pressure divided by diastolic aortic pressure. Table 1 shows the clinical and echocardiographic characteristics of the age-, sex-, and blood pressure-matched patients with an MB and controls.
Results
Coronary angiography found that no patient with an MB had significant epicardial coronary disease (≥50% stenosis). By IVUS, the mean length of an MB was 26.8AE13.9 mm. Men had longer MBs than women (32.6AE13.9 versus 23.1AE12.8 mm, respectively; P=0.02). The dFFR was ≤0.76 in 55 patients either within or distal to the MB, whereas it was >0.76 in 3 patients at both sites. Because the number of patients with a dFFR >0.76 was extremely small, further analysis was performed only in patients with a dFFR ≤0.76. Assessment of hemodynamics both within and distal to an MB was possible in 40 patients; 13 patients had a dFFR ≤0.76 only within the MB, 4 had a dFFR ≤0.76 only distal to the MB, and 23 had a dFFR ≤0.76 both within and distal to the MB (Figure 3) . Of the rest, 14 patients had a dFFR ≤0.76 within the MB, but no data were obtained distal to the MB because the length of the MB precluded safe placement of the ComboWire in the distal vessel. One patient had a dFFR ≤0.76 distal to the MB, but no data were obtained within the MB because the length of the MB was too short to accurately measure dFFR within it. MBs were significantly longer in patients whose distal dFFR was ≤0.76 compared with patients whose distal dFFR was >0.76 (25.6AE13.0 versus 17.9AE8.1 mm; P=0.03).
In terms of stress echocardiographic assessment, all participants were analyzed in this study. At baseline, LV segmental wall motion was normal in all patients, and LV ejection fraction and stroke volume index at rest were not significantly different between the 2 groups. With exercise, abnormal septal motion was found in 50 patients with an MB, whereas no wall motion abnormality was found in controls. LV ejection fraction and stroke volume index were significantly lower in patients with an MB compared with controls. In the MB group, 33 patients (60%) exhibited chest pain, 13 (24%) presented with ST-segment depression (defined as STsegment depression ≥1 mm) on ECG, and one had a 3-beat run of ventricular tachycardia during exercise. In the control group, nobody presented with ST-segment depression on ECG or chest pain (Table 1) .
Regarding strain assessment, at baseline, there was no significant difference between the 2 groups for all strain values: Septal LS was 19.0AE1.8% for patients with an MB versus 19.2AE1.5% for controls (P=0.58); lateral LS was 20.1AE2.0% versus 20.0AE1.6% (P=0.53), respectively; and GLS was 19.5AE1.8% versus 19.7AE1.4% (P=0.68), respectively. With exercise, in the MB groups, septal LS did not change significantly (from 19.0AE1.8% to 18.9AE2.6%; P=0.83), whereas lateral LS increased significantly (from 20.1AE2.0% to 22.8AE2.9%; P<0.001). In contrast, in the control group, both septal and lateral LS increased significantly (from 19.2AE1.5% to 21.7AE1.6% and from 20.0AE1.6% to 22.7AE1.8%; P<0.001 for both) ( Figure 4A and 4C) . The absolute and relative changes in septal LS were significantly smaller in patients with an MB than in controls (À0.1AE2.1% versus 2.5AE1.3% for absolute change, and À0.6AE11.2% versus 13.1AE7.8% for relative change; P<0.001 for both). In contrast, the absolute and relative changes in lateral LS were similar between the 2 groups (P=0.97 and P=0.98, respectively) ( Figure 4B and 4D) . In patients with an MB, the absolute and relative changes in septal LS had a better positive correlation with the dFFR distal to the MB (r=0.52, P<0.001 for septal absolute change and r=0.52, P=0.001 for septal relative change) than the dFFR within the MB ( Table 2 ). The absolute and relative changes in septal LS also had a moderate negative correlation with the length of the MB (r=À0.32, P=0.02 for absolute change and r=À0.32, P=0.02 for relative change). In multivariate analysis, a lower dFFR distal to the MB and male sex were independent correlates of lower absolute and relative changes in septal LS. When the dFFR within the MB was included instead of the dFFR distal to the MB, a lower dFFR within the MB and male sex were independent correlates of a lower absolute change in septal LS; however, male sex was the only independent correlate of a lower relative change in septal LS (Table 2) . Although the length of the MB was not left in the multivariate analysis when included as a continuous variable, it was left as an independent correlate of absolute change in septal LS instead of male sex when it was categorized using the median value.
In terms of the inter-and intraobserver variability of this study, the absolute differences between the 2 investigators were 1.9AE1.4% for septal LS, 2.2AE1.2% for lateral LS, and 1.9AE1.0% for GLS at rest and 2.6AE1.6% for septal LS, 2.8AE1.9% for lateral LS, and 2.2AE1.6% for GLS immediately after stress. The absolute differences within the observer were 1.6AE1.1% for septal LS, 1.4AE0.7% for lateral LS, and 1.1AE0.8% for GLS at rest and 1.7AE1.1% for septal LS, 1.5AE1.1% for lateral LS, and 1.2AE0.9% for GLS immediately after stress.
Discussion
The main finding of our study is that patients with hemodynamically significant MBs have no increase or have a blunted increase in septal LS with exercise compared with controls. Moreover, the lack of significant increase in septal LS appears to be associated with the length of the MB and the hemodynamic significance assessed by dFFR. These functional characteristics may be helpful in the assessment of patients referred for unexplained exertional chest pain.
Fractional flow reserve is the invasive reference standard to assess the hemodynamic significance of a fixed coronary artery stenosis. In a recent study, Johnson et al demonstrated that fractional flow reserve during adenosine infusion is an independent and strong correlate of outcome: Patients with lower fractional flow reserve have a higher likelihood of adverse events. 20 Assessing the hemodynamic significance of an MB, however, may be more challenging. In patients with an MB, dFFR may be more reliable than conventional mean fractional flow reserve to assess hemodynamic significance because the increased systolic pressure during compression and the decreased diastolic pressure may offset each other ( Figure 2) . 11 In addition, the use of dobutamine rather than adenosine has been shown to be important in evaluating an MB. Adenosine results in maximal hyperemia through vasodilation of microcirculation, which is effective for a fixed stenosis, but the chronotropic and inotropic effects of dobutamine are necessary to evaluate the hemodynamic significance of the dynamic stenosis caused by an MB. Figure 4 . Strain changes at rest and with stress. In septal segments, there was a significant difference between the 2 groups in strain with stress (A) and in absolute and relative changes (B). In contrast, in lateral segments, there was no significant difference in strain with stress (C) and absolute and relative changes (D). The bar range represents the 95% CI of the mean. LS indicates longitudinal strain.
significance has been argued, a dFFR ≤0.76 was considered to be hemodynamically significant in this study, as in the previous study by Escaned et al.
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From a pathophysiological perspective, Lin et al previously proposed a model of ischemia associated with an MB involving the Venturi effect. 12 Lumen area within the MB decreases during end-systole to early diastole ( Figure 5A ), and the compression resembles the narrowed section of a pipe. When fluid passes through this "pipe," the fluid velocity must increase ( Figure 5B ) to satisfy the principle of conservation of energy by the continuity equation. At the same time, the pressure must decrease to satisfy the principle of the Bernoulli equation, thus the pressure is decreased in the tunneled section. With this model, pressure should recover distally, provided the diameter of the distal arterial segment is larger than in the tunneled segment. 22 Hemodynamic significance of an MB has been assessed invasively, and few studies have evaluated noninvasively. The key findings of our study are that change in strain with stress may be useful in identifying the hemodynamic significance of an MB and that the more hemodynamically significant it is (the lower the dFFR), the more impaired is the change in septal LS with stress. In our study, change in septal LS showed a stronger correlation with the dFFR distal to the MB than with the dFFR within the MB. Most of our patients with a significant dFFR distally also had a significant dFFR within the bridge, and we suspect that MBs with a significant dFFR distally may be exposing an even more extensive area of myocardium to ischemia. The primary reason for this phenomenon may be a longer MB delaying the pressure recovery, as shown in the relationship between septal LS and MB length. Likewise, male sex was an independent correlate of a diminished increase in septal strain with stress. A possible explanation may be the interrelationship between male sex and the length of MB, as suggested in the multivariate analysis. Along with the possible reasons for preventing full recovery of the pressure distally may be a small caliber vessel beyond the bridge, a short segment of A B Figure 5 . Proposed schematic of ischemia from MB. A, Normal vessels show the pattern in which an increase in area is seen throughout systole with the rise in aortic pressure (solid line). In contrast, MB segments undergo a marked decrease in area, particularly in the second half of systole. Importantly, this vessel compression persists into early diastole (dotted line). 3 B, Venturi effect. When fluid is passing the narrow lesion, its velocity increases by the principle of energy conservation, and pressure decreases by the principle of the Bernoulli equation. Distally, the velocity decreases and the pressure increases to recover by the same principles. MB indicates myocardial bridge; P, pressure; V, velocity. vessel beyond the bridge, inability of the ComboWire to be placed far enough distally to detect recovery, or the undetected presence of further MB distal to the investigated area.
Wang et al recently published a study demonstrating resting LS of the left anterior descending artery territory by 3-dimensional echocardiography being decreased.
14 In contrast, we did not find that LS at rest was useful in identifying hemodynamically significant MBs, but it may be because 3 dimensions are more able to detect subtle changes in strain than 2 dimensions. Our study also consisted of a younger population and exposed patients to a shorter duration of ischemia compared with the population in the study by Wang et al. Clinically, our study may be of value in the assessment of patients with exertional chest pain of undetermined etiology. If an MB is detected by exercise echocardiography (by the presence of focal septal buckling with apical sparing) and/or confirmed by multisliced computed tomography or IVUS during coronary angiography, determination of impaired strain increase on exercise echocardiography may suggest that the MB is hemodynamically significant. Furthermore, if the distinctive septal wall motion pattern on exercise echocardiography is proven to be accurate enough for the diagnosis of an MB, 12 change in strain may be useful in stratifying the patients with an MB according to hemodynamic significance, possibly offering a totally noninvasive diagnosis of MB by exercise echocardiography. Another consideration to enhance image quality and feasibility of speckle tracking is to perform dobutamine stress echocardiography, although further validation study is needed.
Limitations
This study has several limitations. First, the number of patients enrolled was small; however, the study is the largest of patients with an MB who underwent both invasive physiological evaluation and exercise echocardiography. Second, the strain values were obtained by manual tracings because of the difficulty in obtaining reliable speckle tracking images during exercise; however, we showed good inter-and intraobserver variability, even for stress-based images. Third, because we cannot yet provide long-term follow-up data for our cohort, we cannot determine how change in septal strain is useful in predicting cardiovascular outcomes in patients with an MB. Fourth, all patients with an MB evaluated in this study had a dFFR ≤0.76. Further study is needed to assess the change in septal LS during stress in patients with an MB who have a dFFR >0.76. Moreover, a dFFR threshold of 0.76 was used in this study, as in previous studies 11 ; however, the cutoff value has not been well discussed, and whether or not a dFFR ≤0.76 truly represents hemodynamic significance is unknown. In addition, we still cannot say with certainty whether the strain pattern is due to ischemia or to an anatomic variation from having a tethered portion of left anterior descending artery. More studies are needed to establish the appropriate value.
Conclusions
Patients with a hemodynamically significant MB have a reduced change in septal strain on exercise echocardiography. The degree of reduction is associated with the severity of hemodynamic significance, as determined by invasive dFFR. Assessment of change in septal strain may be clinically useful in the noninvasive evaluation of patients with chest pain.
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